vigilance: alteration in neural oscillatory activity and phase-amplitude coupling in the basal ganglia and motor cortex. J Neurophysiol 118: 2654 -2669. First published August 23, 2017 doi:10.1152/ jn.00388.2017.-Oscillatory neural activity in different frequency bands and phase-amplitude coupling (PAC) are hypothesized to be biomarkers of Parkinson's disease (PD) that could explain dysfunction in the motor circuit and be used for closed-loop deep brain stimulation (DBS). How these putative biomarkers change from the normal to the parkinsonian state across nodes in the motor circuit and within the same subject, however, remains unknown. In this study, we characterized how parkinsonism and vigilance altered oscillatory activity and PAC within the primary motor cortex (M1), subthalamic nucleus (STN), and globus pallidus (GP) in two nonhuman primates. Static and dynamic analyses of local field potential (LFP) recordings indicate that 1) after induction of parkinsonism using the neurotoxin MPTP, low-frequency power (8 -30 Hz) increased in the STN and GP in both subjects, but increased in M1 in only one subject; 2) high-frequency power (~330 Hz) was present in the STN in both normal subjects but absent in the parkinsonian condition; 3) elevated PAC measurements emerged in the parkinsonian condition in both animals, but in different sites in each animal (M1 in one subject and GPe in the other); and 4) the state of vigilance significantly impacted how oscillatory activity and PAC were expressed in the motor circuit. These results support the hypothesis that changes in low-and high-frequency oscillatory activity and PAC are features of parkinsonian pathophysiology and provide evidence that closed-loop DBS systems based on these biomarkers may require subjectspecific configurations as well as adaptation to changes in vigilance.
Parkinson's disease; local field potential; oscillations; phase-amplitude coupling; globus pallidus, subthalamic nucleus, primary motor cortex IDENTIFYING ELECTROPHYSIOLOGICAL BIOMARKERS that correlate with motor symptoms or disease severity will be instrumental in understanding the pathophysiology of Parkinson's disease (PD) and developing more effective treatments. There is particular interest in incorporating such biomarkers into devices that could deliver closed-loop deep brain stimulation (DBS) tailored to the clinical state of individual patients (Johnson et al. 2016; Little et al. 2013; Rosa et al. 2015) . Biomarkers derived from local field potentials (LFPs) are attractive for closed-loop DBS because they can be recorded continuously from brain structures via chronically implanted electrodes or DBS leads (Abosch et al. 2012; Brown and Williams 2005; Khanna et al. 2016; Little and Brown 2012; Swann et al. 2017) .
Changes in LFP power across frequency bands in different structures of the basal ganglia-thalamocortical (BGTC) motor circuit as well as changes in coupling between the phase of low-frequency and the amplitude of high-frequency oscillations [phase-amplitude coupling (PAC)] have been proposed as biomarkers of PD. Studies have shown that the low-frequency (13-30 Hz) power of LFPs from macroelectrode recordings in the subthalamic nucleus (STN) and globus pallidus (GP) decreases after levodopa administration to PD patients and during voluntary movement (Brown et al. 2001; Brown 2003; Brown and Williams 2005; Kühn et al. 2009 ). Thus, elevated power (13-30 Hz) has been hypothesized to be an antikinetic mechanism of the motor circuit that in excess could be associated with motor impairment in PD (Kühn et al. 2006) .
Other researchers have hypothesized that changes in the high-frequency side of the spectrum may also be associated with PD. For example, Foffani et al. (2003 Foffani et al. ( , 2005 , showed that levodopa administration elicited an increase in power at ϳ320 Hz in the STN of PD patients implanted with DBS leads, whereas Tsiokos et al. (2013) demonstrated that the power between 200 and 300 Hz in the internal segment of the globus pallidus (GPi) of PD patients was movement dependent. Both groups hypothesized that these high-frequency oscillations are required for normal information processing and motor control.
More recent studies hypothesize that PAC could be a robust biomarker of PD (Connolly et al. 2015; de Hemptinne et al. 2013; López-Azcárate et al. 2010; ) . PD patients exhibited a reduction of PAC measured in the STN after levodopa administration (López-Azcárate et al. 2010) . The studies by de Hemptinne et al. (2013 Hemptinne et al. ( , 2015 showed that PD patients were more likely to exhibit significant measurements of PAC in the primary motor cortex (M1) than epilepsy and dystonia controls and that cortical PAC was reduced during therapeutic STN DBS. A study using LFPs from microelectrode recordings in the nonhuman primate MPTP model of PD showed that PAC in the pallidum progressively increased as a function of parkinsonism severity (Connolly et al. 2015) .
The aforementioned studies illustrate that changes in oscillatory activity across frequencies as well as PAC may provide information on how parkinsonism alters the BGTC. It is not clear, however, how oscillatory activity and PAC change from the normal to the disease condition, whether changes are consistent across multiple nodal points within the BGTC of the same subject, or how these biomarkers are influenced by the vigilance state of the subject. Answers to these questions will lead to a better understanding of the pathophysiology of PD and inform the development of therapies that use electrophysiological biomarkers (e.g., closed-loop DBS) in different behavioral contexts. In this study, we characterized oscillatory activity and PAC in the STN, GP, and M1 of two nonhuman primates, before and after the induction of parkinsonism, during the awake and non-REM sleep states. A dynamic analysis is presented to assess how neural oscillations and PAC were altered across nodal points in the BGTC circuit in both the normal and the parkinsonian state during different states of vigilance (awake and sleep states). We found that basal ganglia oscillatory activity in the ␤-range was increased in both animals in the parkinsonian state. Additionally, high-frequency power in the STN was decreased in both animals in the parkinsonian state. PAC measurements, on the other hand, changed in both animals but in different sites [M1 in one animal, external segment of the globus pallidus (GPe) in the other]. Both oscillatory activity and PAC were significantly impacted by the state of vigilance. These findings improve our understanding of the role of low-and high-frequency oscillations and PAC measurements in the pathophysiology of PD and suggest that optimizing closed-loop DBS systems based on these putative biomarkers may require subject-specific configurations as well as the ability to adapt to changes in vigilance.
MATERIALS AND METHODS

Subjects
All procedures were approved by the University of Minnesota Institutional Animal Care and Use Committee and complied with US Public Health Service policy on the humane care and use of laboratory animals. Two adult female rhesus macaques [Macaca mulatta, subjects J (17 yr) and K (13 yr)] were used in this study. All surgery was performed using aseptic techniques under isoflurane anesthesia. Preoperative cranial CT and 7-T MRI images were incorporated into the Monkey Cicerone neurosurgical navigation program (Miocinovic et al. 2007 ) to facilitate surgical planning of a titanium cephalic chamber targeting the STN, GPe, and GPi. Extracellular microelectrode mapping confirmed the location of target nuclei. Each animal was then implanted in both the STN and GP with 8-contact scaled down versions of human DBS leads (0.5 mm contact height, 0.5 mm intercontact spacing, 0.625 mm diameter; NuMED). These methods are described in detail in a previous publication (Hashimoto et al. 2003) . Each animal was subsequently implanted in the arm area of the primary motor cortex (M1) with a 96-channel Utah microelectrode array (Pt-Ir, 1.5-mm depth, 400-m interelectrode spacing; Blackrock Microsystems), using surgical methods described previously (Maynard et al. 1997; Rousche and Normann 1992) . Pt/Ir reference wires were placed between the dura and skull adjacent to the array. During array implantation surgery, M1 was identified based on sulcal landmarks (Fig. 1, A and E) , and the arm area was localized based on intraoperative stimulation of the cortical surface using a stainless-steel ball electrode (Grass Technologies). Locations of DBS leads were verified in subject K histologically using frozen coronal sections (50-m thick) that were imaged and visualized in Avizo 3D analysis software (FEI; see Fig. 1E ). Histology is not yet available in subject J; however, DBS lead locations were approximated using fused preimplantation MRI and postimplantation CT images (Fig. 1A) together with microelectrode identification of target nuclei before implantation of the leads. In both animals, we verified that electrical stimulation in STN and GPi contacts produced improvements in parkinsonian motor signs.
MPTP Administration and Behavioral Assessments
Once data were collected in the normal state, animals were rendered parkinsonian by systemic (intramuscular) and intracarotid injections of the neurotoxin 1-methyl-4-phenyl-1,2,3,6 tetrahydropyridine (MPTP). Subject K received six intramuscular injections (0.3-0.4 mg/kg each, total of 1.8 mg/kg). Subject J received three intramuscular injections and one intracarotid injection (0.3-0.4 mg/kg each, total of 1.4 mg/kg). For both subjects, data were gathered after a stable parkinsonian state was achieved, beginning ϳ1 mo after the last MPTP injection and continuing for 1-2 mo. Motor symptoms were assessed using a modified Unified Parkinson's Disease Rating Scale (mUPDRS), which rated axial motor symptoms (gait, posture, balance) as well as upper and lower limb rigidity, bradykinesia, akinesia, and tremor on the hemibody contralateral to neural recordings using a 0 -3 scale (0 ϭ normal, 3 ϭ severe; maximum total score of 18). The results of these assessments are summarized in Table 1 . Subject K received daily dopaminergic treatment (carbidopa/levodopa 25/100 mg tablets) at the end of the day's experimental sessions to facilitate the animal's care in its home enclosure. To minimize possible carryover effects of levodopa on physiological recordings, all recording sessions were conducted a minimum of 16 h after the last treatment dose.
Neuronal Recordings
Neurophysiological data were collected using a TDT workstation (Tucker Davis Technologies) operating at ϳ25-kHz sampling rate. Signals were bandpass filtered (0.5-700 Hz) to extract local field potentials (LFPs) and downsampled to ϳ3 kHz for analysis. LFPs from the STN and GP were created by subtracting recordings from adjacent contacts of the DBS leads (e.g., LFP C0 -1 represents the signal created by subtracting contact 1 from contact 0). LFPs from contact C7 from the GP lead in both animals were noisy and highly variable across recording sessions and were not used for analysis. A mean M1 LFP was obtained by averaging recordings from all 96 channels in the array. All data were collected during a resting state while the animal was seated in a primate chair with its head fixed. Time periods with movement artifacts were identified by highamplitude broadband power in the time-frequency spectrogram (spectral analysis described below) and excluded from further analysis.
recordings. This creates a potential confounding variable if data are combined irrespective of animal vigilance, but it also provides an opportunity to evaluate changes in neural activity during drowsiness and early stages of sleep. To differentiate periods of wakefulness and drowsiness/sleep, we assessed the animal's vigilance using a combination of eye monitoring and analysis of instantaneous power of low-frequency oscillations in the M1. A video camera was focused on the animals' eyes and synchronized to the neural recording system. Customized MATLAB (MathWorks, 2016) image segmentation algorithms were used to analyze video of one eye and calculate the eye-opening area in each video frame (i.e., total no. of pixels corresponding to the eyeball in a given frame). The eye-opening area was low-pass filtered (Butterworth, 0.2-Hz cutoff frequency, zero phase forward and reverse filtering) to eliminate blinks and normalized between 0 and 1. A value of 1 corresponds to the maximum eye opening observed in each video recording. The maximum eye opening in all videos was non-zero and corresponded to a period of time in which the animal had the eyes wide open. Normalized eye-opening estimates at each sample k are denoted by A e (k). The state of the eyes at each sample, denoted by 
The eye state alone may not be a robust measure of the vigilance state because an animal could be fully awake while having the eyes closed. To reduce the inaccuracy when estimating the sleep state, we also examined the power of low-frequency oscillaons in M1. The rationale behind using M1 oscillatory activity as a measure of sleep is twofold. First, electroencephalography has revealed that rhesus macaques exhibit -waves (4 -7 Hz), K-complexes, and slow and ␦-oscillations (0.4 -4 Hz) during the stages N1, N2, and N3 of non-rapid eye movement (NREM) sleep (Hsieh et al. 2008) . Second, these low-frequency complexes and oscillations have large spatial correlation across cortical areas, including motor cortex, that can be captured via LFP recordings (Dehghani et al. 2012; Destexhe et al. 1999) .
A measurement of low-frequency power at each sample k denoted by P m1 (k) was computed by bandpass filtering the M1 LFP in the 0.1- Fig. 1 . The effects of parkinsonism on oscillatory activity and phase-amplitude coupling (PAC) across all recorded structures in each subject. A and E: location of Utah array in the motor cortex (M1; top) and location of deep brain stimulation (DBS) leads in the subthalamic nucleus and internal and external segments of the globus pallidus [subthalamic nucleus (STN), internal segment of the globus pallidus (GPi), and external segment of the globus pallidus (GPe); bottom]. In animal J, contact pairs C2-3, C3-4, and C4 -5 are estimated to be in the GPi, and the most dorsal usable contact pair, C5-6, straddled the border between GPe and GPi. Also shown are PSDs (left) and PAC comodulograms (right) in the M1 (B and F), STN (C and G) , and globus pallidus (GP; D and H). Power spectral density (PSD) plots reflect median values, and shaded regions contain the 25th and 75th percentiles of the PSDs at each frequency. The white dashed boxes in the PAC comodulograms indicate regions associated with an observed increase in PAC in the parkinsonian condition.
to 7-Hz range (Butterworth, zero-phase forward and reverse filtering), obtaining the amplitude envelope of the low-frequency oscillations via the Hilbert transform, and smoothing the envelope via a low-pass filter of cutoff 0.2 Hz (Butterworth, zero-phase forward and reverse filtering). A threshold P t was used to classify, given the low-frequency power envelope, whether the animal was in the NREM sleep or awake state. The threshold P t was computed as follows. First, a prolonged period of time in which the animal was in the awake state with its eyes open was selected by inspecting the video recordings. Then, the maximum value of the low-frequency power envelope during this period was selected as the threshold P t . Thresholds were computed for each subject and disease condition.
The expression below summarizes how at each sample k the vigilance state S v (k) was estimated based on combined measurements of eye state and low-frequency power in M1:
S v͑ k͒ ϭ Ά 1 ͑awake͒, if P m1͑ k͒ Ͻ P t and S e͑ k͒ ϭ 1 0 ͑sleep͒, if P m1͑ k͒ Ն P t and S e͑ k͒ ϭ 0 0.5, otherwise . Measurements of both eye area and M1 power had to be consistent for the vigilance state to be defined as awake [S v 
Values of S v (k) ϭ 0.5 were assigned to samples if there was uncertainty about the vigilance state of the subjects. Eye video was not available for subject K in the normal condition; hence only low-frequency power was used to estimate the vigilance state of this subject in the normal condition.
Power Spectral Density and Phase-Amplitude Coupling Analysis
Typically, 5 min of resting state data were collected during each recording session. Data presented for animal J are from 20 sessions (19 days) in the normal state and 21 sessions (16 days) in the parkinsonian state. For animal K, data are from five sessions (5 days) in the normal condition and 15 sessions (15 days) in the parkinsonian condition. LFPs were grouped into individual data segments 15 s in duration, during which the animals were continuously in either the awake [S v , and an overlap of 50%. The frequency resolution was ϳ0.1863 Hz. The power in a frequency interval was computed as the sum of PSD values over the interval. We carried out a post hoc analysis of changes in power across conditions and vigilance states that were observed within particular frequency intervals, specifically 8 -20, 20 -30, 30 -70, 70 -145, 140 -260, and 260 -370 Hz. These intervals were used to quantify changes in power across frequency and statistical significance of differences between conditions (normal vs. parkinsonian) and vigilance state (awake vs. sleep). These frequency intervals were selected instead of traditionally defined frequency bands (e.g., ␣, 8 -13 Hz; ␤, 13-30 Hz) to have the peaks of the PSDs inside the intervals entirely. We evaluated how oscillatory power evolved over time by using spectrograms computed via the multi-taper method and Chronux toolbox (Bokil et al. 2010 ). See Fig. 5 for an example.
PAC between the phase of oscillations at low-frequency (f l ) and the amplitude of oscillations at high-frequency (f h ) was calculated for each 15-s LFP segment using a customized version of the modulation index (MI) presented by (Tort et al. 2010) . Briefly, the original LFP signal was bandpass filtered (Butterworth 2nd order, zero phase forward and reverse filtering) with a center frequency f l and bandwidth of 1 Hz to obtain the low-frequency component. The narrow bandwidth of the filter was chosen to enable accurate calculation of the phase of the low-frequency component. The high-frequency component was obtained using a bandwidth of 2 f l . A value of 2 f l or greater is necessary to retain the envelope information of the highfrequency oscillations and thereby compute PAC accurately (Aru et al. 2015) . The phase of the low-frequency component ( l ) and amplitude of the high-frequency component (A h ) were computed through the Hilbert transform. The coupling between l and A h over a time segment was measured using the MI, which is the KullbackLeibler distance between the uniform distribution and the distribution of A h values (normalized between 0 and 1) at discretized values of l (0, 10, 20, . . . , 350 degrees) (Tort et al. 2010) . Note that the MI is not a function of the absolute amplitude of the low-or high-frequency oscillations. The phase associated with the MI was the value of l in the distribution at which the maximum amplitude A h was found.
Rectangular maps referred to as comodulograms were used to examine the MI values (color) across different frequencies for phase (f l ; horizontal axis) and for amplitude (f h ; vertical axis). Comodulograms were created at frequencies for phase in intervals of 8 -100 Hz (1-Hz increments) and frequencies for amplitude in intervals of 20 -400 Hz (5-Hz increments) for each data segment. The comodulograms presented here are the average of all data segment comodulograms in each condition and vigilance state. For a detailed visualization, comodulograms were displayed only within the subset of frequencies (f l and f h ) where PAC was observed.
We carried out a post hoc analysis of changes in PAC across brain structures. We found that if PAC was observed in a particular brain structure, it was typically restricted to a bounded frequency region in the two-dimensional space of frequencies for phase and for amplitude. Rectangular frequency regions where changes in PAC were observed from one state to another were used for the statistical analysis. Regions will be further described in RESULTS. The average (MI avg ) and maximum MI (MI max ) in each selected frequency region were used to quantify with a scalar value the changes in PAC across conditions and vigilance states. Only MI avg values are presented in RESULTS section because MI max led to the same statistical results. To quantify the preferred phase of PAC in a specific frequency region of a comodulogram, we used the preferred phase associated with the frequency pair where MI max was observed. We denoted this phase by ⌽ max . The trend and variability of ⌽ max values over different data segments (and comodulograms) were quantified via their mean and standard deviation using circular statistics (Berens 2009 ). The distribution of preferred phase ⌽ max from different data segments in each condition and Values are means (SD). mUPDRS, modified Unified Parkinson's Disease Rating Scale. mUPDRS for nonhuman primates was used to assess motor symptoms in each animal, rating axial motor symptoms (gait, posture, balance) as well as upper and lower limb rigidity, bradykinesia, akinesia, and tremor (on the side contralateral to neural recordings) using a 0 -3 scale (0 ϭ normal, 3 ϭ severe; maximum total score of 18). a axial symptoms are an average of posture, gait, and balance scores; *n ϭ no. of observations, except for axial scores, which are n ϭ 4 and 5 for subjects J and K, respectively. vigilance state was depicted using angle histograms, see Fig. 4A , for example.
To characterize the temporal dynamics of PAC during the awake resting state and as the animal transitioned to and from sleep, MI values were evaluated over time and visualized using time comodulograms, referred to as PACograms. In these PACograms, the vertical axis is the frequency for phase f l , the horizontal axis is the time, and the color is the MI value. The frequency for amplitude f h was selected as that where the maximum MI occurred as revealed by the static comodulograms. To create a PACogram, MI values in the frequencies of interest were calculated via 10-s moving windows and increments of 0.5 s. A time window of 10 s was above the minimum time needed to clearly capture PAC in the recorded signals. The preferred phase at each time was that associated with the maximum MI over the frequencies for phase f l .
Measurements of PAC may reflect not only true oscillatory coupling but also nonsinusoidal signal shapes, including sawtooth, triangular, and sharp signal deflections (Gerber et al. 2016; Jensen et al. 2017; Kramer et al. 2008; Lozano-Soldevilla et al. 2016) . A periodic nonsinusoidal signal in particular can be decomposed into its fundamental frequency and harmonics. The phase locking between the fundamental frequency and its harmonics can lead to spurious measurements of PAC, which are stronger at the first harmonic frequencies. We assessed whether the measurements of PAC from our LFP recordings were due to nonsinusoidal shapes by examining the shape of the LFP trace coupled to high-frequency oscillations. The shape of the signal was estimated by averaging segments of the raw signal locked to the local maxima of the high-frequency amplitude envelope. We computed an amplitude-triggered average of the LFP trace for each day of recording and each state (normal, normal sleep, parkinsonian, parkinsonian sleep). The median and interquartile ranges of the average shapes over all recording days were computed to illustrate the trend and variability of the data.
Statistics
We conducted a post hoc statistical analysis of changes in power and PAC. Nonparametric tests were performed to determine whether the difference between scalar measurements of power and PAC across conditions were significant. These tests were better suited than parametric tests because of the small number of samples in the sleep state and because data were not normally distributed. Pairwise differences between measurements of power within a particular frequency interval and MI averages within a frequency region in two different conditions were assessed via the Wilcoxon rank-sum test. P values from this test were corrected for the post hoc comparisons (no. of hypotheses) using the Bonferroni method. In the analysis of power and PAC, we corrected for n ϭ k ϫ r total comparisons resulting from the pairwise comparisons made (k ϭ 4) and frequency regions evaluated (r; Table 2 ). We assumed that the difference between measurements in the two conditions was significant when corrected (P Ͻ 0.01). Significant differences between preferred phase measurements in the two conditions were evaluated via a nonparametric test for equal medians using the circular statistics MATLAB toolbox (Berens 2009 ).
We also carried out an a priori statistical assessment of PAC comodulograms to verify the inference reached via the post hoc selection of PAC regions of interest and subsequent statistical analy- PAC, phase-amplitude coupling; M1, motor cortex; STN, subthalamic nucleus; GPi, internal segment of the globus pallidus; GPe, external segment of the globus pallidus; ROI, region of interest. Summary of the effects of parkinsonism and vigilance state on oscillatory activity and PAC in each subject. The recording locations are the M1 of each subject and contact pairs in the STN (subject J: C1-2; subject K: C0 -1), GPi (subject J: C2-3; subject K: C0 -1), and GPe (subject J: C5-6 border GPe/i; subject K: C4 -5). Oscillatory activity in frequency bands with notable changes due to parkinsonism or sleep; for clarity, not all possible frequency band comparisons are shown. Arrows denote significant increase (1) or decrease (2) in a given measure based on a Wilcoxon rank-sum test, P Ͻ 0.01 (see MATERIALS AND METHODS) based on the following 4 comparisons: from normal to parkinsonian condition in the awake state, from normal to parkinsonian condition in the sleep state, from awake to sleep state in the normal condition, and from awake to sleep state in the parkinsonian condition. PAC measurements (average modulation index) in a given ROI are also shown. In M1, PAC associated with the parkinsonian condition (subject J) was compared in an ROI 20 -30 Hz for phase and 20 -140 Hz for amplitude, and PAC associated with sleep in both subjects was compared in an ROI 8 -20 Hz for phase and 20 -140 Hz for amplitude. In STN, PAC associated with the parkinsonian condition (subject K) was compared in an ROI 8 -20 Hz for phase and 65-140 Hz for amplitude. In GPe, PAC associated with the parkinsonian condition (subject K) was compared in an ROI 8 -20 Hz for phase and 140 -260 Hz for amplitude. *Contact pair within GPe in animal K and in animal J the most dorsal usable contact pair that straddled the border between GPe and GPi; a difference is statistically significant, with a level P Ͻ 0.02 instead of the prescribed level P Ͻ 0.01; b increase is due to parkinsonian-related PAC that extends into the sleep ROI (see Fig. 4A , left and middle right plots); c increase is due to sleep-related PAC that extends into the parkinsonian ROI (see Fig. 4B , middle right and right plots).
sis. We used a cluster-based, nonparametric permutation test using the FieldTrip Toolbox in MATLAB (Maris and Oostenveld 2007; Oostenveld et al. 2011) . A description of this method and related results are presented in the APPENDIX.
RESULTS
Assessment of Severity of Parkinsonism
Average mUPDRS clinical ratings of the two parkinsonian animals are shown in Table 1 . Both animals exhibited cardinal parkinsonian motor signs of rigidity, bradykinesia, and akinesia. As is typical for MPTP-treated rhesus monkeys, minimal resting tremor was observed. Subject K was more severely affected than animal J, as reflected by its modestly higher mUPDRS scores.
Oscillatory Activity and PAC Are Altered in the Parkinsonian Condition
The induction of parkinsonism caused significant changes in power and PAC measurements from LFP recordings in the M1, STN, and GP of both animals ( Fig. 1 and Table 2 ). Results for each animal are presented individually, focusing in this section on recordings collected in the awake state.
Subject J. In the parkinsonian condition, oscillatory activity was associated with an increase in power in the 8-to 20-, 20-to 30-, and 30-to 70-Hz bands in the M1 (P Ͻ 0.001; Fig. 1B,  left) . The changes in basal ganglia nuclei were even more prominent. In all recordings within the STN, the power increased in the 8-to 20-and 20-to 30-Hz bands (C0 -1, C1-2, C2-3, P Ͻ 0.001; Fig. 1C, left) . A peak in the STN PSDs centered at ϳ335 Hz was observed in the normal condition in all STN contacts but vanished in the parkinsonian condition (C0 -1, C1-2, C2-3, 260 -370 Hz band, P Ͻ 0.001). All recording sites on the GP lead except for C0 -1 exhibited an increase in power in the 8-to 20-and 20-to 30-Hz bands in the parkinsonian condition (P Ͻ 0.01; Fig. 1D, left) .
In animal J, PAC measurements increased in the parkinsonian condition solely in M1, with a maximum MI observed at a frequency for phase f l Ϸ 24 Hz and a frequency for amplitude of f h Ϸ 50 Hz (Fig. 1B, right, and Fig. A1A ). This increase in PAC was verified via the a priori statistical test presented in the APPENDIX. To determine the significance of the PAC difference between normal and parkinsonian conditions using scalar measurements, we defined a region of interest (20 -30 Hz for frequencies for phase and 20 -140 Hz for frequencies for amplitude) where PAC was observed and the average MI (MI avg ) values were computed. MI avg values were significantly higher in the parkinsonian condition than in the normal condition in the M1 (median MI avg : normal ϭ 0.06 ϫ 10 Ϫ3 , parkinsonian ϭ 0.13 ϫ 10 Ϫ3 , P Ͻ 0.001). The mean (SD) of the preferred phase of PAC in M1 across all data segments in the parkinsonian condition was 193 (30)°. PAC was not observed within the STN or GP in either the normal or parkinsonian condition of animal J (Fig. 1, C and D, right) . Subject K. Similar to animal J, the induction of parkinsonism was associated with a significant increase in power in the 8-to 20-and 20-to 30-Hz bands in the STN (C0 -1, C1-2, C2-3, P Ͻ 0.001; Fig. 1G, left) as well as an increase in power in the 8-to 20-Hz band in all GP contact pairs (P Ͻ 0.001; Fig.  1H, left) . A reduction in power near ϳ335 Hz was observed in the STN PSDs in the parkinsonian compared with the normal condition (C0 -1, C1-2, C2-3, 260-to 370-Hz band, P Ͻ 0.001), although this difference was not as salient as that observed in the STN of animal J. There was a peak at ϳ200 Hz in the PSDs from all GP contact pairs that emerged in the parkinsonian condition, particularly in contacts in or near GPe (140-to 260-Hz band, P Ͻ 0.001). Unlike animal J, in which 20 -30 Hz power in the M1 increased following the induction of parkinsonism, in animal K the parkinsonian condition was associated with a modest but significant reduction in M1 power in the same band (P Ͻ 0.001; Fig. 1F, left) .
In animal K, PAC emerged in the parkinsonian condition most prominently in the GPe recordings (Fig. 1H, right and  Fig. A1B ). The maximum MI occurred at f l Ϸ 10 Hz and f h Ϸ 200 Hz (C4 -5; median MI avg : normal ϭ 0.12 ϫ 10 Ϫ3 , parkinsonian ϭ 0.19 ϫ 10 Ϫ3 , P Ͻ 0.001). The mean (SD) preferred phase associated with the maximum MI in the GPe was 254 (29)°. Interestingly, PAC in the STN was present in the normal awake condition (contact pair C0 -1), with the maximum MI at f l Ϸ 14 Hz and f h Ϸ 35 Hz. The mean (SD) of the preferred phase was 262 (68)°. In the parkinsonian condition, however, PAC decreased in this frequency region (C0 -1; median MI avg : normal ϭ 0.2 ϫ 10 Ϫ3 , parkinsonian ϭ 0.16 ϫ 10 Ϫ3 , P Ͻ 0.01) and appeared within another region with MI max at f l Ϸ 16 Hz and f h Ϸ 95 Hz (C0 -1; median MI avg : normal ϭ 0.15 ϫ 10 Ϫ3 , parkinsonian ϭ 0.2 ϫ 10 Ϫ3 , P Ͻ 0.001). The mean (SD) of the PAC preferred phase in the parkinsonian condition was 317 (47)°.
Correlation Between Power and PAC
The frequencies for phase and/or amplitude where maximum MI occurred were the same frequencies where peaks were located in the PSDs (Fig. 1, B and H) . To further examine the relationship between the MI values and the power in specific frequency bands, the Spearman correlation between these variables was computed (Fig. 2) . In the M1 of subject J, there were significant correlations between low-frequency power and MI values and between high-frequency power and MI values (Fig.  2, A and B, respectively) . In the GPe of subject K, no significant correlation between low-frequency power and MI values was found (Fig. 2C) , but there was a significant correlation between high-frequency power and MI values (Fig. 2D) . It is important to recall that the method used to compute MI values does not explicitly depend on the amplitude of the oscillations for phase or amplitude.
Effect of Vigilance on Oscillatory Activity and PAC
In both animals the vigilance state of the subjects significantly influenced how oscillatory activity and PAC were expressed in the studied brain structures (Figs. 3 and 4) . Note that the "sleep" state classification is defined based on an analysis of the low-frequency power recorded in M1 and degree of eye opening (see MATERIALS AND METHODS), and no attempt was made at classifying particular sleep stages.
The predominant effect of the sleep state on the PSDs across all three recording sites in both subjects (normal and parkinsonian) was an increase in the low-frequency power (0.5-to 8-Hz band; Fig. 3, A and B) . Differences between normal and parkinsonian conditions were less pronounced in the sleep state compared with the awake state. For example, in M1 the sleep state was associated with an increase in power across most frequency bands in both the normal and parkinsonian conditions, and the sleep state PSDs in both conditions were similar (Fig. 3, A and B, top) . In the STN and GPi, however, the effect of the sleep state on the 8-to 20-Hz frequency band differed between the normal and parkinsonian conditions. In both subjects, the sleep state in the normal condition was associated with an increase in power in the 8-to 20-Hz range in the STN and GPi, whereas in the parkinsonian condition the sleep state was associated with an overall decrease in power in the 8-to 20-Hz band (Fig. 3, upper and lower middle) . In the GPe of animal K, elevated power in the frequency band centered at ϳ200 Hz and associated with the parkinsonian condition was decreased during the sleep state (Fig. 3B) . Statistical significance of the aforementioned differences in power is presented in the boxplots of Fig. 3C and summarized in Table 2 .
Elevated PAC measurements emerged in the M1 of the two subjects during the sleep state in both the normal and parkinsonian conditions (Fig. 4, A and B, and Fig. A1, C and D) . This sleep-related PAC in M1 was centered at ϳ13.5 Hz for phase and ϳ50 Hz for amplitude in both subjects. The mean preferred phase ⌽ max (standard deviation) associated with the sleep state in the normal condition was 280 (15)°in subject J and 237 (12)°in subject K and in the parkinsonian condition was 280 (34)°in subject J and 271 (36)°in subject K. The frequency region of the sleep-related PAC was different from the PAC that emerged in the parkinsonian awake state of subject J (centered at a frequency for phase of ϳ24 Hz and a frequency for amplitude of ϳ50 Hz). Additionally, the preferred phase of the PAC associated with the sleep state was significantly different from that associated with the awake parkinsonian state of subject J (⌽ max : sleep-parkinsonian ϭ 280°, awake-park ϭ 193°, P Ͻ 0.001; nonparametric test for equal medians, circular statistics).
PAC measurements associated with the awake parkinsonian condition decreased significantly in the sleep state for the M1 of subject J (Fig. 4, A and D) and the GPe of subject K (Fig. 4,  C and E) . Statistical significance of the aforementioned differences in PAC measurements across conditions and vigilance states is presented via boxplots in Figs. 4, D and E, and summarized in Table 2 .
Dynamics of Oscillations and PAC
Power and MI measurements in the M1 of subject J and the GPe of subject K changed dynamically during transitions between the awake and sleep states as well as during periods in which these states remained constant. In subject J, during epochs of sleep in both the normal and parkinsonian condition, power in the 8-to 50-Hz band increased as compared with the power during epochs of wakefulness (see spectrograms and PACograms of Fig. 5, A and B) . PAC (f l in the 8-to 20-Hz band and f h in the band between 50 Ϫ f l and 50 ϩ f l Hz) increased during the epochs of sleep in both the normal and parkinsonian conditions. This result confirmed that elevated PAC measurements in the M1 emerged during the sleep state. PAC measurements associated with the parkinsonian condition (f l in the 20-to 30-Hz band and f h in the band between 50 Ϫ f l and 50 ϩ f l Hz) were elevated during epochs in the resting awake state but exhibited fluctuations not captured in the static analysis. During the sleep state epochs, however, PAC associated with the parkinsonian condition was consistently suppressed. The preferred phases of PAC associated with the sleep state or the parkinsonian awake state were consistent when MI values were elevated but highly variable otherwise (Fig. 5, A and B,  bottom) . The temporal dynamics of PAC are further illustrated in Supplemental Movie S1 (Supplemental Material for this article can be found online at the Journal of Neurophysiology website), which shows M1 PAC comodulograms calculated with a sliding time window (0.2-s steps) during periods of wakefulness and sleep in animal J.
We emphasize here that if the data were not properly classified to be in the awake or sleep states, the interpretation of the results could have been different. To illustrate this, an example is presented in Fig. 5 , C and D, in which average comodulograms were computed during a time period that included awake and sleep state epochs. In the parkinsonian condition, the comodulogram has elevated MI values in frequency regions associated with both parkinsonism and sleep.
In the GPe of subject K, the power in the 8-to 20-Hz and 160-to 240-Hz bands was higher in the parkinsonian awake than in the normal awake state (spectrograms in Fig. 6, A and  B, top) . The high-frequency spectrogram shows that power in the 160-to 240-Hz band, which was elevated in the parkinsonian condition, was suppressed during sleep state epochs. The low-frequency spectrogram shows that power in the 8-to 20-Hz frequency band increased in the normal condition during sleep. Power in this frequency band was persistently elevated in the parkinsonian condition and in fact decreased, rather than increased, during sleep state epochs (see also Fig. 3C, bottom  middle) . The observed power in the 8-to 20-Hz frequency band may reflect a coincident increase in sleep-related oscilla- tions and a decrease in parkinsonian-related oscillations (similar to the decrease observed in parkinsonian-related highfrequency oscillations), resulting in a net decrease in oscillatory activity in this frequency range. The PACograms (Fig. 6, A and B) indicate that PAC in the GPe of subject K was negligible in the normal condition during both awake and sleep epochs. In the parkinsonian condition, PAC emerged (f l in 8 -20 Hz and f h in 160 -240 Hz) in the awake state epochs. During these awake epochs, the MI values and frequencies of maximum MI fluctuated. During the sleep state epochs, this PAC was consistently suppressed. Independent of the vigilance or pathological state, the phase associated with the maximum MI was consistent only during the epochs in which the MI values were elevated but variable and inconsistent otherwise (Fig. 6, A and B, bottom) .
PAC and Signal Morphology
A known issue of PAC measurements is that they may not necessarily reflect true oscillatory coupling but rather result from nonsinusoidal oscillatory waveforms or sharp deflections in the raw LFP trace (Cole et al. 2017; Gerber et al. 2016; Jensen et al. 2017; Kramer et al. 2008; Kühn et al. 2009; Lozano-Soldevilla et al. 2016 ). To address this issue, LFP traces were examined along with event-related averages of the LFP data triggered by the peaks in the high-frequency amplitude envelope (Kramer et al. 2008) .
In animal J, the M1 LFP traces and amplitude-triggered averages (Fig. 7A ) in the awake state exhibited a sharp peak at the trough of the oscillation. Therefore, one possibility is that elevated PAC measurements in the M1 associated with parkinsonism could be the result of the LFP morphology but not true oscillatory coupling. It is also possible that the LFP traces resembled the superposition of oscillations at 24 Hz and oscillations at 50 Hz whose amplitudes were actually coupled to the phase of the 24-Hz oscillations.
In animal K, the LFP traces and amplitude-triggered averages (Fig. 7B) suggest that elevated PAC measurements in the GPe associated with parkinsonism were sinusoidal (10 Hz). Such a sinusoidal morphology indicates that elevated PAC measurements could be associated with true oscillatory coupling. The time series of the low-and high-frequency components also provide evidence of true oscillatory coupling, which is more likely to occur at a preferred phase (ϳ270°) but is not persistent over time.
The LFP traces associated with sleep-related PAC do exhibit nonsinusoidal morphologies (Fig. 7, C and D) , which may be the cause of elevated PAC measurements during the sleep state. These waveforms are not artefactual or the apparent result of electrical or mechanical noise but instead likely reflect physiological processes arising in the sleep state. For example, sleep spindles associated with NREM sleep have characteristically sharp waveforms that occur in the same frequency range (11-16 Hz) (Iber 2007; Rechtschaffen and Kales 1968) .
DISCUSSION
Effect of Parkinsonism on Oscillatory Activity in the STN, GP, and M1
The most consistent finding between animals was that lowfrequency power (8 -30 Hz) increased within the STN and GP after MPTP administration. This finding supports the hypothesis that ␤-oscillations within the basal ganglia are pathophysiological markers of parkinsonism (Brown et al. 2001; Brown 2003; Brown and Williams 2005; Giannicola et al. 2010) and are related to motor symptoms (Kühn et al. 2009 ). Based on these studies, increased ␤-power in the parkinsonian state might be expected. A novel aspect of the present study, however, is the use of neural recordings from chronically implanted electrodes across both normal and parkinsonian conditions, which are performed simultaneously across STN, GPi, and M1, providing a within-subject comparison that is unattainable in human patient studies. Our results provide support for the pathognomonic role of basal ganglia ␤-oscillations in parkinsonism, although no study has yet demonstrated a causal relationship between ␤-power and motor signs, and this hypothesis remains controversial. Although features of ␤-band activity correlate with clinical state in some studies (Kühn et al. 2006; Little and Brown 2012; Neumann et al. 2016 ), variability in ␤-power across subjects and little correlation with symptom severity are features of some human (Rosa et al. 2011; Weinberger et al. 2006 ) and animal studies (Connolly et al. 2015; Devergnas et al. 2014 ). In addition, ␤-oscillations have been shown to be present in dystonia patients, suggesting that these oscillations are not solely associated with Parkinson's disease (Wang et al. 2016) .
We found that M1 ␤-power was similar in the normal conditions of both animals but increased only in animal J after MPTP administration. These results suggest that elevated ␤-power is not necessarily observed across all nodal points in the motor circuit in the parkinsonian condition. An intriguing explanation for the difference in M1 neural activity between subjects arising after induction of parkinsonism is that the effects in M1 are not solely the direct result of basal ganglia dopaminergic cell loss but likely also reflect subject-specific compensatory mechanisms and cortical plasticity in response to the loss of dopamine in the BGTC network. Future studies with greater numbers of animals and chronic recordings of cell populations throughout the period of MPTP lesion and in the days and weeks thereafter will be necessary to better understand these changes in M1 activity.
Power in the 260-to 370-Hz range was elevated in the STN in the normal condition in both animals but disappeared in the parkinsonian condition. This finding supports the potential role of STN high-frequency oscillations (HFO) in normal brain functioning, as suggested by prior studies showing that PD patients with STN DBS leads had increased activity in that range after levodopa administration (Foffani et al. 2003 (Foffani et al. , 2005 . The cellular mechanisms underlying HFOs in the STN are not well understood. Although mean discharge rates have been reported to be increased in the parkinsonian state (Bergman et al. 1994; Miller and DeLong 1987) , there are no studies that have identified a direct positive correlation between the rate of spiking activity, HFOs, or worsening of PD motor signs. Although Foffani et al. (2003) suggested that the origin of HFOs may involve complex mechanisms such as reverberating STN cell activity due to intrinsic membrane properties, synchronized phase-shifted recruitment of STN cells, or subthreshold fluctuations due to coordinated presynaptic input, what underlies these oscillations remains unclear.
Effect of Parkinsonism on PAC in the STN, GP, and M1
Elevated PAC in cortical and subcortical structures has been hypothesized to reflect abnormal information processing in the parkinsonian brain (Connolly et al. 2015; de Hemptinne et al. 2013 de Hemptinne et al. , 2015 López-Azcárate et al. 2010; Özkurt et al. 2011) . Here, we compare our results with previous studies reporting PAC in the STN, GP, and M1.
STN. Studies in PD patients have found ␤-HFO PAC in the STN (Yang et al. 2014) and shown that it can be suppressed after levodopa administration (López-Azcárate et al. 2010; Özkurt et al. 2011) , suggesting a relationship between STN PAC and motor symptoms in PD. In a more recent study, PAC was found in a subset of PD patients and was also observed in dystonia patients, highlighting intersubject variability and casting doubt on STN PAC as a biomarker specific to PD (Wang et al. 2016 ). Although we observed a modest increase in ␤-␥ (70 -140 Hz) PAC in one animal (animal K), we did not see an increase in the other. Thus, ␤-␥ PAC was not a consistent feature in the STN in the parkinsonian state.
GP. We found that PAC emerged in the GP of subject K after MPTP administration and was localized in the GPe and GPe/i border. These findings support a previous report by Connolly et al. (2015) , that ␤-HFO coupling emerges in the parkinsonian state in the GP. Together, these results support the potential role of PAC in the GP in the pathophysiology of PD, although there were several differences between these studies. Our previous study found the phase of coupling to be highly variable between recordings and observed ␥-HFO coupling in the normal and parkinsonian conditions, in the current study we found that PAC occurred at consistent phases and did not observe ␥-HFO coupling. Methodological differences might account for these discrepancies given that in the previous study we used paired microelectrode recordings within the pallidum, with the location and distance between electrodes varying from day to day. Changes in PAC were not observed in the GP of the other animal (animal J) in the current study, which was possibly due to differences in electrode location.
M1. We found a significant increase in ␤-␥ PAC measurements in the M1 of one subject, consistent with recent findings suggesting elevated PAC in the M1 in PD (de Hemptinne et al. 2013 (de Hemptinne et al. , 2015 based on subdural electrocorticography recordings. We did not observe significant M1 PAC in the other subject. Intersubject variability is not always emphasized, but it is notable between patients in the aforementioned studies as well. Additionally, we observed a strong correlation between low-frequency power (8 -20 Hz) and PAC MI, indicating that power may be a proxy measurement of PAC strength. This correlation, together with the sharp peaks in the LFP traces (Fig. 7) , provides evidence that elevated PAC measurements in M1 associated with parkinsonism (and sleep) may be caused by the LFP morphology rather than true oscillatory coupling. Cole et al. (2017) reanalyzed the recordings presented in de Hemptinne et al. 2015 and suggested that the sharpness of sawtoothlike ␤-waveforms in LFP traces was the driver for increases in PAC measurements. Such sharp, nonsinusoidal waveforms are physiological and posited to reflect the synchrony of synaptic inputs (Cole et al. 2017 , Sherman et al. 2016 .
Overall, PAC measurements were not consistent features in any one nodal point (M1, STN, or GP) in the BGTC circuit, and additional studies are necessary with a larger cohort of animals to better characterize the consistency of PAC across structures and subjects. However, PAC measurements were elevated in at least one nodal point in each animal. Although one could argue that disruptions in signal processing in the motor circuit require alterations in only one nodal point, whether the presence of abnormal PAC measurements anywhere in the circuit is sufficient for development of the parkinsonian motor signs remains unclear.
Effects of Vigilance on Putative Biomarkers
Sleep was associated with significant increases in lowfrequency power (Ͻ8 Hz) across STN, GP, and M1 in both the normal and parkinsonian conditions. In the normal condition, sleep was also associated with an increase in power in the 8-to 30-Hz range in the STN and GPi, whereas in the parkinsonian condition, sleep was associated with an overall decrease in power, albeit one still greater than in the normal condition (Fig.   3 ). It is notable that PAC observed in the awake parkinsonian condition in the M1 and GPe of subjects J and K, respectively, was also suppressed during sleep. A possible explanation of the decrease in 8 -30 Hz power in the STN and GP and PAC in the M1 when asleep is the reduction of parkinsonian motor signs that has been observed during sleep (Askenasy 1993; Askenasy and Yahr 1990 ). An alternative explanation for PAC reduction is that PAC measurements associated with parkinsonism remain elevated during sleep, but phase measurements to compute PAC are degraded due to the superposition of lowfrequency sleep waves with the pathological oscillations.
It is important to highlight that if M1 PAC were calculated during periods of sleep, it could be misinterpreted as being related to the subject's parkinsonian condition. This is particularly relevant when considering parkinsonian subjects that often suffer from daytime sleepiness (Ondo et al. 2001; Tandberg et al. 1999) and resting state recordings that may be prone to include periods of somnolence. It is also notable that in both the parkinsonian-awake and normal-sleep conditions there was a marked increase in power in low-frequency bands across structures. These findings lead to the intriguing possibility that the awake parkinsonian brain is functioning in some ways similarly to the sleeping brain. Previous observations by our group of sleep-like bursting activity in the thalamus in awake parkinsonian animals (Elder and Vitek 2001) leads one to consider the potential role of these altered sleep-like patterns of activity in disrupting subcortical-cortical as well as corticalcortical signal processing leading to the development of motor signs and alteration in sleep patterns reported in patients with PD (Ondo et al. 2001; Tandberg et al. 1999) .
Although the effects of vigilance on oscillatory activity and PAC were statistically significant and validated via spectrograms and PACograms, we must acknowledge the large asymmetry between the number of recordings obtained in the awake and sleep state (see MATERIALS AND METHODS). We were able to collect relatively few sleep compared with awake state data segments, particularly in the normal condition. Future studies using overnight wireless recording techniques in a larger number of animals will be needed to fully characterize the effects of sleep and particular non-REM and REM sleep stages on neural activity in the basal ganglia and motor cortex in the normal and parkinsonian conditions.
Temporal Dynamics
The average comodulogram and PSD reflect the preponderance of PAC and power that exists in the parkinsonian awake state, but the temporal dynamics, which may be relevant to understand the relationship between PAC and power and fluctuating motor symptoms, are lost upon averaging. Oscillatory activity and PAC are nonstationary phenomena whose measurements can fluctuate even within a given vigilance state, as illustrated in the PACograms (Figs. 5 and 6 and Supplemental Movie S1). How motor symptoms correlate with oscillatory activity and PAC over time is particularly relevant to gain a better understanding of PD pathophysiology but will require the development of techniques that are able to quantify individual motor PD symptoms in real time.
Movement preparation and execution can suppress oscillatory power and PAC in the motor circuit (Cassidy et al. 2002; de Hemptinne et al. 2015) . According to our records, the PACograms and spectrograms illustrating the dynamics of oscillatory power and PAC in M1 and GPe (Figs. 5 and 6) were created using data sets in which the arm contralateral to the recording sites was not moving. Therefore, one could argue that the execution of arm movements was not influencing the fluctuations in oscillatory power and PAC. However, undetected muscle activation and movement preparation could influence these fluctuations. Future studies intended to assess the relationship between PAC fluctuations and symptoms should also characterize how muscle activation and movement planning and execution alter PAC measurements.
Implications for Biomarker-Based Closed-Loop DBS
Closed-loop control strategies have been proposed to increase the efficacy and energy efficiency of DBS therapy by adjusting stimulation based on pathophysiological biomarkers. In particular, the power of ␤-oscillations in the STN (Little and Brown 2012; Priori et al. 2013 ) and PAC in M1 (de Hemptinne et al. 2015) have been proposed for closed-loop DBS.
Low-frequency power measured from STN and DBS electrodes, which consistently increased after MPTP administration in the studied animals, is an attractive biomarker for use in closed-loop DBS because additional sensing electrodes may be unnecessary. Nevertheless, algorithms may still need to account for behavioral context. For example, ␤-triggered closedloop DBS may be less effective than traditional DBS because of changes in movement-related ␤-activity (Johnson et al. 2016) . Our data also suggest that the contribution of sleep to ␤-band oscillatory activity could affect how stimulation is delivered in a closed-loop scheme.
PAC measurements associated with the parkinsonian condition occurred in the M1 and GPe, but these locations were not consistent across subjects. This inconsistency highlights the notion that closed-loop DBS based on PAC may need to be subject specific, with relevant biomarkers varying according to each patient's unique pathophysiology, symptom profile, or electrode location.
Closed-loop systems based on M1 PAC may also need to differentiate whether PAC measurements are associated with sleep or with parkinsonism. The frequency region and preferred phase of PAC could potentially be used to make this differentiation. The strong correlation between low-frequency power and PAC MI values in the M1 suggest that power could be used to quantify PAC strength and thereby reduce algorithmic complexity associated with the computation of PAC. Nevertheless, the preferred phase of PAC, which may be useful for closed-loop DBS therapies (Holt et al. 2016) , cannot be quantified using the low-frequency oscillations only. Finally, we cannot discount the possibility that M1 PAC measurements are caused by nonsinusoidal LFP shapes (Fig. 7) . If M1 PAC does not reflect true oscillatory coupling, it may be more appropriate to use features of low-frequency waveforms, such as waveform sharpness (Cole et al. 2017) or low frequency power, as biomarkers for closed-loop DBS.
Study Limitations
Differences in DBS lead placement, with GP DBS being more anteromedial and STN DBS being more dorsolateral in subject K, could have influenced the observed intersubject variability in the basal ganglia recordings. Given its level of severity, one subject (subject K) received daily doses of levodopa/carbidopa at the end of the experimental sessions (MATERIALS AND METHODS). Although all recordings were taken after overnight withdrawal and the animal at a baseline parkinsonian state, we cannot exclude the possibility of the medication regimen influencing our findings in this animal. Another possible source of variability could be the difference in MPTP administration between animals, with subject J receiving intramuscular and intracarotid injections and subject K receiving only intramuscular injections. Additionally, the difference in severity of motor signs between subjects, with subject K more severe than subject J, could also be a source of variability in the data.
APPENDIX
An a priori statistical assessment of PAC comodulograms was performed to verify the inference reached via the post hoc statistical analysis presented in RESULTS. This assessment was performed using a cluster-based, nonparametric permutation test and the FieldTrip Toolbox (Maris and Oostenveld 2007; Oostenveld et al. 2011) . Briefly, this test 1) generates a randomized partition of comodulograms based on the comodulograms associated with the conditions being compared, 2) computes a statistic (sum of t values) of connected MI measurements (clusters on the space of frequencies for phase and amplitude) whose levels are above threshold (99.75 quantile), 3) repeats steps 1 and 2 1,000 times and creates a histogram of the statistic, and 4) calculates a P value based on the histogram and the statistics of the clusters computed with the comodolugrams from the studied conditions. The result of the tests we carried out is a comodulogram with the largest cluster whose P value is less than the prescribed significance level (P ϽP 0.01, Bonferroni corrected for four comparisons). This statistical approach tackles the problem of multiple comparisons across frequencies for phase and amplitude without making assumptions on where PAC measurements changed across conditions.
The cluster-based, nonparametric statistical tests indicate that there were significant differences between measurements in the normal and parkinsonian condition in the M1 of subject J (Fig. A1A) and GPe of subject K (Fig. A1B) . There was no significant difference between measurements in the normal and parkinsonian condition in the M1 of subject K and GP of subject J (data not shown). The tests we performed also indicated that there were significant changes in PAC measurements between the awake and sleep states in subjects J and K in the normal (tests not shown) and parkinsonian conditions (Fig. A1,  C and D) . Furthermore, the clusters that exhibited significant differences across conditions overlapped with the regions of interest selected for the post hoc analysis and presented in RESULTS. The results from the a priori statistical analysis verify the findings we presented in RESULTS on the relationship between PAC measurements and parkinsonism and vigilance. Presented are comodulograms, with the largest cluster exhibiting significant differences in PAC measurements. Comodulograms in A and B are for comparisons between the normal and parkinsonian conditions (awake state) of measurements in the M1 of subject J and GPe of subject K, respectively. Comodulograms in C and D are for comparisons between the awake and sleep states (parkinsonian condition) of measurements in the M1 of both subject J and subject K, respectively. The color scale represents t-statistic values used to create the clusters and compute significant differences with level P Ͻ 0.01.
